Mouse Twist is essential for cranial neural tube, limb and somite development. [Genes Dev. 9 (1995) 686]. To identify the molecular defects disrupting limb morphogenesis, we have analysed expression of mesenchymal transcription factors involved in patterning and the cell-cell signalling cascades controlling limb bud development. These studies establish that Twist is essential for maintenance and progression of limb bud morphogenesis. In particular, the SHH/FGF signalling feedback loop operating between the polarizing region and the apical ectodermal ridge (AER) is disrupted. These defects in epithelial-mesenchymal signalling are most likely a direct consequence of disrupted fibroblast growth factor (FGF) signalling in Twist-deficient limb buds. In early limb buds, down-regulation of Fgf receptor 1 and Fgf10 expression in the mesenchyme occurs concurrent with loss of Fgf4 and Fgf8 expression in the AER. Finally, Twist function, most likely by regulating FGF signalling, is required for cell survival as apoptotic cells are detected in posterior and distal limb bud mesenchyme. q
Introduction
Co-ordination of growth with patterning is essential for normal progression of limb development in vertebrate embryos. Experimental manipulation of chicken limb buds first established that morphogenesis depends on reciprocal signalling interactions between mesenchyme and ectoderm. In particular, removal of the apical ectodermal ridge (AER) located at the distal tip of the limb bud causes apoptosis and results in limb truncations (reviewed by Johnson and Tabin, 1997) . Gain-of-function studies in the chick and loss-of function genetics in the mouse have identified fibroblast growth factor receptors (FGFR) and their ligands (FGFs) as signals essential for limb bud development. For example, ectopic application of FGFs results in induction of supernumerary limb buds in chicken embryos (Cohn et al., 1995) , while lack of FGFR2 in mouse embryos disrupts limb bud initiation (Xu et al., 1998) . FGF10 signalling in the mesenchyme is essential for limb bud outgrowth and epithelial-mesenchymal signalling as both AER formation and Fgf8 expression are disrupted in Fgf10-deficient mouse limb buds (Min et al., 1998; Sekine et al., 1999) . In turn, FGF8 signalling by the AER is also necessary to promote limb bud outgrowth Moon and Capecchi, 2000) . Furthermore, the SHH/FGF signalling feedback loop established between the polarizing region and posterior AER (reviewed by Johnson and Tabin, 1997) controls antero-posterior patterning of the distal limb (zeugopod and autopod; Chiang et al., 2001; Kraus et al., 2001) . A read-out of patterning the antero-posterior limb bud axis is the nested expression of 5 0 HoxD genes, which are also regulated by SHH signalling (Johnson and Tabin, 1997) . In summary, these studies underscore the importance of reciprocal epithelial-mesenchymal signalling interactions and the role of FGF signalling in these processes. However, to date only few of the essential nuclear regulators and effectors of FGF signalling during limb bud development have been identified. Genetic studies in Drosophila have implicated the basic helix-loop-helix (bHLH) transcription factor Twist in the establishment of mesodermal cell fates and FGFR expression (Azpiazu and Frasch, 1993; Shishido et al., 1993; Taylor et al., 1995) . In vertebrates, Twist and related genes such as Scleraxis are also expressed by many mesodermal derivatives including the limb bud mesenchyme (Burgess et al., 1995; Cserjesi et al., 1995; Fuchtbauer, 1995; Li et al., 1995; Stoetzel et al., 1995; Wolf et al., Mechanisms of Development 114 (2002) (Chen and Behringer, 1995) , while Scleraxis is essential for mesoderm formation (Brown et al., 1999) . However, somite development in Twist-deficient embryos is disrupted probably due to apoptosis of the sclerotome. The cranial neural tube fails to close due to head mesenchyme defects, and embryonic death occurs at around embryonic day 11. Furthermore, limb morphogenesis is disrupted in Twist-deficient embryos as forelimb bud lack a morphologically distinct AER and are smaller than hindlimb buds (Chen and Behringer, 1995) . Mutations of the human TWIST gene are associated with an autosomal dominant congenital malformation called Saethre-Chotzen syndrome, which is characterized by craniosynostosis and limb abnormalities (elGhouzzi et al., 1997; Howard et al., 1997) . Interestingly, mice heterozygous for the Twist lossof-function mutation recapitulate aspects of the human Saethre-Chotzen syndrome such as skull and distal limb skeletal defects (Bourgeois et al., 1998; elGhouzzi et al., 1997) . Despite these striking morphological defects, little is known concerning the molecular cascades disrupted in Twist mutant vertebrate embryos.
Disruption of limb development in Twist-deficient mouse embryos and limb skeletal defects in human patients affected by the Saethre-Chotzen syndrome point to essential Twist functions in the limb bud mesenchyme. In the present study, we identify the molecular cascades affected in Twistdeficient mouse limb buds. Establishment of limb bud identity and initiation of epithelial-mesenchymal signalling are normal, while maintenance of FGF mediated signalling interactions is disrupted. Thereby, the progression of limb bud morphogenesis is halted and maintenance of SHH signalling by the polarizing region is lost. In addition to down-regulation and/or anterior expansion of posterior expressed genes during more advanced stages, the onset of apoptosis eliminates posteriorly and distal mesenchymal cells in Twist-deficient limb buds. These studies identify Twist as a mesenchymal transcription factor essential to maintain epithelial-mesenchymal signalling during progression of limb bud morphogenesis.
Results
Due to lethality of Twist-deficient embryos around embryonic day 11 (E11; Chen and Behringer, 1995) , limb bud development was analysed between E9.75 and E10.5 (27-35 somites). Furthermore, as development of Twistdeficient forelimb buds is significantly delayed (see below), the gene expression patterns are in general documented by comparing mutant fore-and hind limb buds with age-matched wild-type hindlimb buds.
Twist is not required for establishing limb bud identity
The bHLH transcription factor Twist is first expressed in the limb fields (Isaac et al., 2000; Stoetzel et al., 1995) and the entire mesenchyme during limb bud outgrowth (Fuchtbauer, 1995; Wolf et al., 1991) , which points to possible functions during limb bud formation (Isaac et al., 2000) . Histological analysis of Twist-deficient mouse embryos showed that limb bud mesenchymal cell morphology is initially normal (Chen and Behringer, 1995) . However, by E10.5 mutant forelimb buds appear much smaller than their wild-type counterparts and mutant hindlimb buds (Chen and Behringer, 1995) . Identity of fore-and hindlimbs is established during limb bud formation by specific expression of Tbx5 in fore-and Tbx4 in hindlimb bud mesenchyme, respectively (Bruneau et al., 2001; Rodriguez-Esteban et al., 1999) . Therefore, the expression of Tbx5 and Tbx4 was analysed (Fig. 1A-F) to assess a possible Twist requirement in establishing and/or maintaining limb bud identity. Forelimb bud specific Tbx5 expression (Fig. 1B) and hindlimb bud specific Tbx4 expression (Fig. 1E ) is maintained in Twist-deficient embryos at levels comparable to wild-type limb buds ( The activation of 5 0 HoxD genes in the limb bud mesenchyme precedes SHH signalling by the polarizing region . The early domains of 5 0 HoxD genes are posteriorly restricted and their nested domains provide good indicators of early limb bud mesenchymal patterning. While Hoxd11 expression is initially restricted to the posterior half of wild-type limb buds ( Fig. 1G ), expression is lower and anteriorly expanded in Twist-deficient limb buds ( Fig. 1H,I ). Hoxd13 is the 5 0 -most HoxD gene activated and thereby most posteriorly restricted (temporal and spatial co-linearity principle, (Dollé et al., 1989) . In Twist-deficient hindlimb buds, Hoxd13 expression remains similar to wild-types (compare Fig. 1J with K), while its posterior restriction is lost and expression downregulated in mutant forelimb buds (Fig. 1L ). In contrast, the spatial expression of 5 0 HoxD genes along the rostro-caudal body axis is not affected in Twist-deficient embryos (data not shown). These results show that while Twist is dispensable for activation of 5 0 HoxD genes, it is required for maintaining their spatial expression during progression of limb bud outgrowth.
Disruption of the SHH/FGF signalling feed back loop
The SHH/FGF feedback loop is required for regulating 5 0 HoxD expression during progression of limb bud development (Chiang et al., 2001; Johnson and Tabin, 1997; Kraus et al., 2001) . Therefore, the observed alterations in
defects in epithelial-mesenchymal signalling. A signal relay mechanism involving the BMP antagonist Gremlin is critical for establishment of the SHH/FGF feedback loop between the polarizing region and the AER . In Twist-deficient hindlimb bud mesenchyme, Shh expression is reduced and its domain expanded more distal-anteriorly (Fig. 2B , arrowhead) in comparison to wild-type controls ( Fig. 2A, arrowhead) . Accordingly, the expression domain of Gremlin in the mesenchyme (Fig. 2D , arrowhead) is also expanded anteriorly in mutant hindlimb buds (Gremlin, Fig. 2E , arrowhead). In mutant forelimb buds, only low Shh levels (Fig. 2C , arrowhead) are detected and Gremlin expression is displaced distal-anteriorly (Fig.  2F, arrowhead) . In younger limb buds, expression of the SHH transcriptional target Patched is initially up-regulated in posterior mesenchyme (data not shown), suggesting that activation of SHH signalling not affected, while its maintenance is disrupted. Indeed, Fgf4 expression is initially also rather normal in mutant hind limb buds (compare Fig. 2H with G), while no expression is detected in developmentally more advanced mutant forelimb buds (Fig. 2I) . These results establish that while Shh and other signals acting in the SHH/ FGF feedback loop are activated in Twist-deficient limb buds, their maintenance and timely distal-anterior propagation is disrupted.
The GLI3 transcriptional repressor is essential to keep expression of 5 0 HoxD genes, Shh and Gremlin restricted to posterior limb bud mesenchyme (Masuya et al., 1995; te Welscher et al., 2002) . During progression of development, SHH signalling in turn keeps Gli3 from being expressed by posterior limb bud mesenchyme (Marigo et al., 1996) . Therefore, the anterior expansion of 5 0 HoxD genes (Fig. 1G-L) , Shh (Fig. 2B) and Gremlin ( Fig. 2 E,F) in Twist-deficient limb buds might be caused by or itself alter Gli3 expression. In wild-type limb buds, Gli3 expression is excluded from the posterior mesenchymal cells (Fig. 2J) . In Twist-deficient limb buds, Gli3 remains expressed and excluded from posterior mesenchyme up to E10.25 (32 somites, Fig. 2K ,L). These results show that disruption of SHH signalling in Twist-deficient limb buds (Fig. 2B ,C) does neither depend on nor alter Gli3 expression (Fig. 2K,L) . The latter corroborates the fact that the spatial distribution of Gli3 is initially independent of SHH signalling (te Welscher et al., in press).
FGF signalling requires Twist function
The results presented so far suggest that it is the progression of limb bud outgrowth and patterning which is disrupted in Twist-deficient limb buds. Genetic analysis of FGF receptors and their ligands has revealed essential functions during limb bud development (see Section 1). Therefore, the expression of FGF receptors (Fgfr1 and Fgfr2; Peters et al., 1992) and additional FGF ligands (Fgf8 and Fgf10; Crossley and Martin, 1995; Xu et al., 1998) was analysed in Twist-deficient limb buds. Fgfr1 transcripts are expressed by all limb bud mesenchymal cells in wildtype embryos (Fig. 3A,C ; Peters et al., 1992) . In Twist-deficient forelimb buds, Fgfr1 expression is significantly reduced by E 9.75 (27 somites, compare Fig. 3B with A) . In older mutant limb buds (E10.25, 32 somites), Fgfr1 expression remains low in hindlimb buds (Fig. 3D ) and in forelimb buds expression is only detected in distal-most mesenchyme (Fig. 3E) . Moreover, Fgfr1 expression is also reduced in somites (compare arrows in Fig. 3C with D,E). In contrast to Fgfr1, expression of Fgfr2 in the ectoderm of mutant limb buds seems much less or not affected (data not shown).
Fgf10 is expressed by the limb bud mesenchyme ( Fig.  3F,H ; Xu et al., 1998) and essential for limb bud outgrowth and Fgf8 induction (Min et al., 1998; Sekine et al., 1999) . Fgf10 is already markedly reduced in Twist-deficient forelimb buds by E9.75 (compare Fig. 3G with F) . Subsequently, Fgf10 expression is mostly lost in from the mesenchyme mutant limb buds (compare Fig. 3I ,J with H). In comparison to wild-type controls (Fig. 3K,M) , Fgf8 is more anteriorly restricted in the AER of mutant forelimb buds by E9.75 (Fig. 3L) and hindlimb buds by E10.25 (Fig.  3N) . In such older Twist-deficient embryos, Fgf8 expression is almost completely lost from the AER of forelimb buds (Fig. 3O) . These results show that activation of FGF signalling in limb buds is Twist independent, while maintenance of Fgfr1 and Fgf10 in the mesenchyme and Fgf8 in the AER critically depend on Twist function.
Twist is required for survival of mesenchymal cells
Somites of Twist-deficient embryos become highly apoptotic by E10.5 (Chen and Behringer, 1995) . To understand to what extent apoptosis might contribute to the observed limb phenotypes (Figs. 1-3 ), apoptotic cells were detected in Twist-deficient limb buds by TUNEL staining. Little cell death is detected in the mesenchyme of both fore-and hindlimb buds of wild-type embryos (Fig. 4A,B) . In contrast, many apoptotic cells are detected in fore-and hindlimb bud mesenchyme of Twist-deficient embryos by embryonic day 10.5 ( Fig. 4C,D) . Most of the apoptotic cells in these older Twist-deficient limb buds are located in the posterior-distal mesenchyme. Their distribution correlates well with the observed loss of morphogenetic signalling from posterior limb bud mesenchyme and AER (Figs. 2  and 3 ).
Discussion
This study uncovers the molecular alterations underlying disruption of limb bud development in Twist-deficient mouse embryos and reveals the essential Twist functions in this process. Initiation of fore-and hindlimb bud morphogenesis (Fig. 5A) is not affected and establishment of limb identity and dorso-ventral polarity (data not shown) is normal. In contrast, Twist is essential for maintaining epithelial-mesenchymal signalling during progression of limb bud outgrowth and patterning (Fig. 5B,C) . At the cellular level, Twist is required for survival of posterior-distal limb bud mesenchymal cells (Fig. 5C ).
Modulation of FGF signalling by Twist
Twist is already expressed in the presumptive limb field and induction of ectopic limb buds results in Twist activation with kinetics similar to Fgf10. However, Twist is not an early target of FGF signalling during induction of ectopic limb buds (Isaac et al., 2000) . Indeed, our molecular analysis shows that limb bud initiation, determination of limb identity and induction of mesenchymal patterning genes such as 5 0 HoxD, Gremlin and Shh expression are not Twist-dependent. Furthermore, expression of several essen-tial FGFs, such as Fgfr1 and Fgf10 in the limb bud mesenchyme and Fgf8 and Fgf4 in the AER is initiated, but not maintained during progression of limb bud morphogenesis. Interestingly, Twist-deficient limb buds share similarities with those of Fgf10-deficient embryos (Sekine et al., 1999) . By E10.5, Fgf10-deficient forelimb buds are also smaller and lack a distinct AER (Sekine et al., 1999) . Fgf8 expression is absent in Fgf10 mutant limb buds (Min et al., 1998; Sekine et al., 1999) , while it is rapidly downregulated in Twist-deficient forelimb buds (this study). Likewise, Shh expression is disrupted by mutations in both genes. Consistent with a role of FGF10 in inducing Fgf8 (Ohuchi et al., 1997 and Fig. 5A ), the reduced Fgf8 expression in the AER correlates well with reduced mesenchymal Fgf10 expression in Twist-deficient limb buds. These results
show that the positive feedback loop between FGF10 in the limb bud mesenchyme and FGF8 in the AER (reviewed by Xu et al., 1999) is disrupted (Fig. 5C) . Moreover, the SHH/ FGF feedback loop between the polarizing region and posterior AER (Fig. 5B) is activated, but not maintained in Twist-deficient limb buds. Despite its obviously essential role in maintaining the SHH/FGF feedback loop, Twist itself is not part of this feedback loop as its expression is not affected in limb buds with no or altered SHH and AER FGF signalling (Zuniga and Zeller, unpublished observations) . The present study establishes that Twist is required for positive transcriptional regulation of several FGF receptors and ligands during limb bud development. Rice et al. (2000) have shown that the distribution of FGFR2 is altered during calvarial osteogenesis in the developing cranium of Twist heterozygous mouse embryos. These and our results indicate that Twist and FGF signalling act in the same morphogenetic networks during limb and craniofacial development. In agreement, humans affected by mutations in either the TWIST or an FGFR gene suffer from dominant congenital malformations affecting both limb and craniofacial development (reviewed by Wilkie et al., 2001 ). In particular, humans with features of the autosomal dominant SaethreChotzen syndrome can carry either mutations in the TWIST, FGFR2 or FGFR3 genes (Paznekas et al., 1998) . A likely explanation for this genetic heterogeneity is provided by the present study, which establishes that Twist is required for maintaining FGF signalling during progression of limb bud morphogenesis.
Twist functions in cell survival
High levels of apoptotic cell death are observed in posterior-distal mesenchyme of Twist-deficient limb buds (Fig.  5C ). The observed pattern of apoptotic cells in posteriordistal mesenchyme could be simply due to disrupting AER signalling as has been previously observed in chicken limb buds following AER extirpation (reviewed by Johnson and Tabin, 1997) . However, Chen and Behringer (1995) established that Twist-deficient ES-cells do not contribute to the distal limb bud mesenchyme in chimaeric embryos. This population overlaps with the domain of apoptosis in the limb bud mesenchyme, but as Twist is expressed by all mesenchymal cells (Fuchtbauer, 1995; Stoetzel et al., 1995;  and data not shown) disruption of other factors must contribute to localizing cell death. Indeed, genetic analysis in the mouse provides increasing evidence for specific functions of FGF signalling in cell survival. For example, FGF8 is essential for survival of mesenchymal cells in branchial arches (Trumpp et al., 1999) and FGFR2 for survival of both limb bud mesenchyme and ectoderm (Revest et al., 2001) . In addition, the number of Shh expressing cells in the posterior limb bud mesenchyme is tightly regulated by apoptosis. The most proximal Shh-expressing (Kawakami et al., 2001 ). FGF10 in turn induces Fgf8 expression during AER differentiation (Ohuchi et al., 1997) and the posterior mesenchyme becomes competent to establish the SHH/FGF feedback loop (reviewed by Johnson and Tabin, 1997) . (B) Limb bud outgrowth is maintained by epithelial-mesenchymal FGF signalling. The SHH-expressing polarizing region is propagated distal-anterior by Gremlin and FGFs expressed in the posterior AER. The most proximal SHH-expressing cells are eliminated by apoptosis (Sanz-Ezquerro and Tickle, 2000) . (C) In Twist-deficient limb buds, FGF signalling is disrupted and cells in posterior-distal mesenchyme undergo apoptosis (indicated by † symbols). FGF4, FGF9 and FGF17 are expressed by the posterior AER and are part of the SHH/FGF feedback loop (Panman and Zeller, unpublished). cells are eliminated by apoptosis, possibly because they are no longer protected by FGF signals emanating from the posterior AER as limb bud outgrowth progresses (SanzEzquerro and Tickle, 2000 and Fig. 5B ). In addition, specific disruption of the SHH/FGF signalling feedback loop in mouse limb buds (Haramis et al., 1995) also causes moderate apoptosis of mesenchymal cells (Zeller et al., 1989) . Therefore, apoptosis of posterior-distal mesenchymal cells in Twist-deficient limb buds is most likely due to a combined effect of altering morphogenetic FGF signalling by the AER in the absence of Twist function (Fig. 5C) .
In summary, analysis of Twist-deficient limb buds uncovers important roles of this bHLH transcription factor in positive regulation of epithelial-mesenchymal signalling during proximo-distal limb bud outgrowth. Twist fulfils its essential functions in the limb bud mesenchyme by regulating Fgfr1 and Fgf10 expression and participates in SHH/ FGF feedback regulation to propagate the polarizing region. We conclude that Twist controls survival of posterior-distal limb bud mesenchymal cells most likely through regulation of FGF signalling.
Materials and methods

Mouse strains and genetic crosses
The Twist null mouse mutant strain (Chen and Behringer, 1995) was bred into C57BL/6 and CD1 backgrounds (Bourgeois et al., 1998) . Twist null 1/2 animals were intercrossed to obtain Twist null 2/2 embryos. Embryos from both genetic backgrounds were used for analysis and no differences were observed. Embryos were genotyped by PCR as previously described (Bourgeois et al., 1998) . During the time window of analysis, embryonic days E10.0 to E10.5, no molecular differences were observed between Twist null 1/2 and1/1 limb buds. Therefore, both1/1 and Twist null 1/2 embryos are used indiscriminately as wild-type controls. Wild-type and Twist null 2/2 embryos were age-matched according to their somite numbers (variation^2 somites).
Whole-mount and section in situ hybridization
Age-matched wild-type and Twist null 2/2 embryos were used for non-radioactive whole-mount in situ hybridization (Haramis et al., 1995) with the following probes: Tbx4, Tbx 5 (Bruneau et al., 2001 ), Hoxd11 and Hoxd13 (Dollé et al., 1989) , Shh (Echelard et al., 1993) , Gremlin , Fgf4 (Niswander et al., 1993) , Fgfr1 and Fgfr2 (Peters et al., 1992) ; these probes detect all the Fgfr1 and 2 isoforms respectively), Fgf10 (Xu et al., 1998) , Fgf8 (Crossley and Martin, 1995) . To permit direct comparison of gene expression levels wild-type and Twist null 2/2 embryos were always hybridized in the same tube. Nonradioactive in situ hybridization analysis on paraffin sections was performed as described in Dono et al. (1998) . Reproducibility of all results was assured by analysing several embryos in independent experiments.
Detection of apoptotic cells in whole embryos
Apoptotic cells were detected in whole embryos of embryonic days E10.0-10.5 using the deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) procedure as described (Conlon et al., 1995) , with the following minor modifications: embryos were digested for 10 min using 10 mg/ml Proteinase K at room temperature. Fragmented DNA was labelled by digoxigenin-dUTP and detected by anti-digoxygenin Fab fragments (Roche) as for whole-mount in situ hybridization (Haramis et al., 1995) . Wild-type and Twist null 2/2 embryos were treated in the same tube to avoid experimental variation.
